Context: Previous research has shown a positive relationship between plasma leptin and sympathetic nervous activity. High plasma leptin activate inflammatory cytokines and lead to muscle wasting. However, studies have detected low sympathetic nervous activity and high plasma leptin in older adults with muscle wasting, sarcopenia, and frailty. High plasma leptin do not seem to correlate with high sympathetic nervous activity. However, their relationship in older adults remains unclear.
and other known confounders [4] . Kohara et al. [5] demonstrated that the plasma leptin level was greater in older adults with sarcopenia and sarcopenic obesity compared with normal healthy older adults and those with obesity without sarcopenia.
Sympathetic nervous activity gradually decreases with aging [6] . In addition, sympathetic nervous activity is lower in older adults with frailty or sarcopenia than in healthy older adults [7, 8] . Depressed sympathetic nervous activity has been reported to lead to muscle wasting, muscle weakness, and greater mortality [8] [9] [10] .
Although recent studies revealed a positive correlation between plasma leptin levels and sympathetic nervous activity [1, [11] [12] [13] , some research has reported greater plasma leptin concentrations in older adults with muscle wasting, sarcopenia, or frailty [4, 5, 14] . In contrast, other studies showed lower sympathetic nervous activity in older adults with frailty or sarcopenia [7, 8, 15] . This suggests that the relationship between the plasma leptin levels and sympathetic nervous activity is different in healthy older adults from that in participants with such geriatric conditions.
A high plasma leptin concentration is also known to elevate the blood pressure [16] [17] [18] [19] . However, older adults with frailty who were considered to have high plasma leptin levels were also reported to have low blood pressure and high mortality [20] [21] [22] [23] . The positive correlation between the plasma leptin concentration and blood pressure was not found in frail older adults.
The plasma leptin level, sympathetic nervous activity, and blood pressure, therefore, do not seem to correlate positively in older adults with geriatric conditions. Previous research indicated that sympathetic nervous activity was disturbed in frail older adults and led to high mortality [8] . This result was also confirmed by large-scale clinical trials [7, 9] . Therefore, the positive correlation between plasma leptin concentrations and sympathetic nervous activity might disappear in older adults with muscle wasting, sarcopenia, or frailty.
We hypothesized that the reason the plasma leptin level and sympathetic nervous activity have not shown positive correlations with muscle wasting, sarcopenia, or frailty in older adults is the disturbance of sympathetic nervous activity in such geriatric conditions. However, these relationships have not been investigated well. The aim of the present study was to investigate the relationships among leptin concentrations, physical function, and the sympathetic nervous system.
Participants and Methods

A. Setting and Participants
We conducted a cross-sectional study and analyzed the results from 69 older adults aged $75 years who lived in the Nagano Prefecture, Japan. We excluded older adults who had undergone treatment of acute phase disease within the previous 2 weeks or malignancy. To minimize the influence of confounders concerning sympathetic nervous activity, patients with arrhythmias, those receiving antiarrhythmic drugs, b-blockers, or anticholinergic drugs, and those with neurodegenerative disease were also excluded, on the basis of the recommendations of the Task Force of the European Society of Cardiology and the North American Society of Pacing Electrophysiology [24] . The medical records were reviewed to obtain information on the history of hypertension, diabetes mellitus, dyslipidemia, chronic heart failure, and ischemic heart disease, and this information was confirmed by the patient and/or family. The institutional review board of the Keijinkai Kikyougahara Hospital approved the study protocol. All participants or their families provided written informed consent.
B. Ambulatory Blood Pressure Monitoring and 24-Hour Holter Monitoring
Ambulatory blood pressure monitoring was performed for 24 hours using a TM-2431 device (A&D, Tokyo, Japan). The heart rate variability obtained from ambulatory Holter recording was performed to assess sympathetic nervous activity. Ambulatory Holter recording was performed for 24 hours using QR2100 (Fukuda ME Kogyo, Tokyo, Japan) and processed with HS1000VL (Fukuda ME Kogyo, Tokyo, Japan). For the time domain analysis, the standard deviations of all NN intervals in all 5-minute segments of the entire recording were calculated, and the frequent domain analysis was calculated using fast Fourier transformation. From the power spectral density, low frequency (LF; 0.04 to 0.15 Hz), high frequency (HF; 0.15 to 0.40 Hz), and the LF/HF ratio were calculated. HF and the LF/HF ratio are considered to reflect parasympathetic nervous activity and sympathetic nervous modulations, respectively [24] . The measured data for systolic blood pressure and diastolic blood pressure were divided into 3 categories: 24-hour, daytime (8:00 AM to 6:00 PM), and night-time (10:00 PM to 4:00 AM) using Asian criteria [25] . Previous studies have shown positive correlations between the plasma leptin levels, blood pressure, and sympathetic nervous activity using the same methods; therefore, we adopted ambulatory blood pressure monitoring and 24-hour Holter recording.
C. Physical Function and Hematological Measures
The patients' height, weight, and BMI were measured. The functional independence measure (FIM) [26] and Barthel index [27] were calculated to assess physical function. We used the Mini-Mental State Examination (MMSE) to examine cognitive function because previous studies have indicated a relationship between low plasma leptin levels and cognitive impairment [28, 29] . Venous blood samples were obtained from the subjects in the morning after an overnight fast. Blood cell counts and plasma levels of chemical parameters were determined by a commercial laboratory (Health Science Research Institute, Yokohama, Japan).
D. Statistical Analysis
The data were analyzed using SPSS software, version 24.0 (SPSS Japan Inc., Tokyo, Japan). The Pearson correlation coefficient was calculated to determine the relationship between the plasma leptin concentration and the other measurements, including age, BMI, MMSE, FIM, Barthel index, blood data, heart rate variability indexes, and blood pressure. The MannWhitney U test was applied to compare sex differences. Multiple regression analyses were adapted to adjust for age, sex, and BMI.
We divided the participants into four categories according to physical function and BMI as follows (the median was used as the cutoff value): high physical function and low BMI group, low physical function and low BMI group, high physical function and high BMI group, and low physical function and high BMI group. After categorizing, two-factor ANOVA was used to compare the results among the four groups. The Bonferroni method was used for post hoc tests after two-factor ANOVA.
Results
We recruited 69 older adults. The characteristics of the participants are listed in Table 1 . The mean age was 86.4 6 6.4 years. Of the 69 adults, 54 were women (78.3%). The average FIM and Barthel index were 52.8 and 37.5, respectively, indicating low physical function. For heart rate variability, the values for the standard deviations of all NN intervals in all 5-minute segments of the entire recording, LF, HF, and LF/HF were 87.2 6 32.5 ms, 39.2 6 26.7 ms 2 , 71.7 6 59.0 ms 2 , and 0.72 6 0.28, respectively. The 24-hour systolic and diastolic blood pressures were 131.0 and 73.7 mm Hg, respectively. The night/day ratio was 1.00, indicating the disappearance of the circadian rhythm of blood pressure.
The correlation between the leptin concentration and the other measurements is presented in Table 2 . The leptin concentration was substantially and positively correlated with the BMI and total protein using the Pearson correlation coefficient (r). A statistically significant difference between the sexes was also detected. In men, the leptin concentration was 3.4 6 2.8 ng/mL, and in women, it was 6.6 6 6.5 ng/mL (P = 0.024). However, the leptin levels were not related to the autonomic nervous activity obtained from the Holter monitoring indexes such as LF, HF, and the LF/HF ratio. Moreover, the leptin levels were not related to the blood pressure, including 24-hour systolic and diastolic, daytime systolic and diastolic, night-time systolic and diastolic, or the night/day ratio.
Multiple regression analyses revealed that leptin was substantially and negatively correlated with the MMSE results (b = 20.259; P = 0.035), FIM (b = 20.233; P = 0.049), and the Barthel index (b = 20.298; P = 0.018).
We categorized the participants into four groups according to physical function (FIM and Barthel index) and BMI as follows: high FIM (or Barthel index) and low BMI group, low FIM (or Barthel index) and low BMI group, high FIM (or Barthel index) and high BMI group, and low FIM (or Barthel index) and high BMI group. Two-factor ANOVA revealed that the plasma leptin level was significantly associated statistically with the FIM and BMI (FIM, F = 4.910; P = 0.030; BMI, F = 7.942; P = 0.006). In contrast, the interaction effect was not statistically significant [FIM*BMI, F = 0.853; P = 0.359; Fig. 1(a) ]. When we used the Barthel index as the indication of physical function, the results were similar to those with FIM [Barthel index, F = 1.305; P = 0.258; BMI, F = 4.260; P = 0.044; Barthel index*BMI interaction, F = 0.005; P = 0.945; Fig. 1(b)] . The plasma leptin level was not substantially different among the four groups. In female subjects, the plasma leptin level was significantly associated statistically with the BMI but not with the FIM (FIM, F = 2.521; P = 0.119; BMI, F = 7.329; P = 0.009; FIM*BMI, F = 0.026; P = 0.873). The plasma leptin level was significantly greater statistically in the low FIM and high BMI group than in the low FIM and low BMI group [P = 0.048; Fig. 1(c) ]. In male subjects, the FIM and BMI were both substantially associated with the plasma leptin level (FIM, F = 5.602; P = 0.037; BMI, F = 9.504; P = 0.010), and the interaction was also statistically significant (FIM*BMI, F = 6.583; P = 0.026). The plasma leptin level was substantially greater in the low FIM and high BMI group compared with the low FIM and low BMI group and high FIM and high BMI group [ Fig. 1(e) ]. When using the Barthel index as an indication of physical function instead of the FIM score, a similar association between the plasma leptin level and Barthel index and BMI was observed [ Fig. 1(d) and 1(f) ].
Discussion
The present study has demonstrated that a higher plasma leptin level is significantly associated with low physical function. This finding was independent of age, sex, and BMI. Furthermore, the data showed a substantial relationship between the plasma leptin The Mann-Whitney U test was applied for the comparison of sex differences. concentration and cognitive function and BMI. These results were consistent with those from previous studies. However, the present study could not detect any relationship between the plasma leptin concentrations and sympathetic nervous activity and blood pressure. Sympathetic nervous fibers innervate adipose tissue and mediate the lipolytic effects of leptin [1] . In addition, many studies have demonstrated a positive correlation between the plasma leptin levels and the sympathetic nervous system. Plasma leptin correlated positively with LF and LF/HF, which were considered to reflect sympathetic modulations [30, 31] . Previous research has also shown a correlation between plasma leptin and sarcopenia, physical function, cognitive function, BMI, and C-reactive protein [2, 4, 5, 14, 28, 29] . However, although plasma leptin was significantly associated statistically with physical function (both FIM and the Barthel index), cognitive function (MMSE), and BMI, in the present study, plasma leptin was not associated with LF and the LF/HF ratio. Several reasons could exist for why plasma leptin did not correlate with sympathetic nervous activity in our data. First, aging itself diminishes sympathetic nervous activity [6] . The mean age in the present study was 86.4 years, older than the age of those included in other studies. Thus, greater plasma leptin concentrations could not elevate sympathetic nervous activity. Second, older adults with obesity are thought to have leptin resistance. Previous research has demonstrated that greater plasma leptin levels did not activate sympathetic nervous activity because of lower leptin signaling in the brain in older adults with obesity [32] . Higher plasma leptin levels also did not elevate sympathetic nervous activity in our data. Third, it is known that older adults with frailty or disability have 20% lower sympathetic nervous activity compared with healthy older adults [8] . Therefore, it is possible that elevated plasma leptin could not activate the sympathetic nervous system in these adults. In the present study, the FIM and Barthel index were 55.6 6 33.7 and 37.5 6 33.1, respectively, indicating that the participants almost all had frailty or were disabled. The plasma leptin concentration is decreased by a feedback system of the sympathetic nervous system in healthy adults [13] ; however, an inactivated sympathetic nervous system could lead to high plasma leptin concentrations in frail or disabled older adults. Because a high concentration of leptin leads to muscle wasting by elevated inflammatory cytokines, frail or disabled older adults could progress to a state at which they need long-term care. Sympathetic nervous fibers innervate adipose tissue and mediate the lipolytic effect of leptin; therefore, higher plasma leptin and low sympathetic nervous activity could lead, not only to muscle wasting, but also to obesity and, presumably, to low physical function and a high BMI. These results are consistent with a previous study that found that patients with sarcopenia and sarcopenic obesity demonstrated greater plasma leptin levels compared with healthy controls [5] .
The present study did not demonstrate a relationship between blood pressure and the plasma leptin concentration. Plasma leptin has shown a positive relationship with blood pressure by simple correlation in previous reports. However, in multiple regression models, the relationship has shown contradictory results [16] [17] [18] [19] . Aging and fat mass affect both plasma leptin and blood pressure; however, the importance of the relationship is thought to diminish after adjusting for covariates [18] . Concerning blood pressure variability, Abramson et al. [33] demonstrated that plasma leptin was positively associated with blood pressure variability. However, the day/night blood pressure ratio, which indicates blood pressure variability, was not associated with plasma leptin levels in the present study. Because previous research has shown the disappearance of the blood pressure circadian rhythm in older adults with physical dysfunction [34] , we assumed that the relationship between plasma leptin and the day/night blood pressure ratio had disappeared owing to the low physical function in the present study participants. We also considered that the low sympathetic nervous activity disturbed the relationship.
The present study had some limitations. First, the present study had a small sample size and was a cross-sectional study and, therefore, could not provide direct evidence. It will be necessary to perform a large-scale clinical trial to evaluate whether decreased sympathetic nervous activity and high plasma leptin concentrations can predict the incidence of sarcopenia, frailty, or muscle wasting in older adults. Second, although we measured C-reactive protein, other inflammatory cytokines such as IL-6 and TNF-a also affect both leptin and muscle wasting and should be evaluated. Third, we could not evaluate sarcopenia accurately because we did not assess the muscle mass, grip strength, or gait speed. However, allowing for these limitations, the present study has provided valuable evidence concerning the relationship between sympathetic nervous activity, plasma leptin concentrations, and physical function in older adults.
Conclusions
Sympathetic nervous activity was significantly and negatively associated with physical function. However, we could not detect a substantial association between sympathetic nervous activity and plasma leptin concentrations in older adults.
